Abstract
Introduction

41
During eukaryotic genome duplication, replication stress is known to cause DNA synthesis to 42 stall until the stress is alleviated. Replication stress includes lesions induced by endogenous and 43 exogenous DNA-damaging agents, ribonucleotide mis-incorporation, and formation of secondary 44 structures or DNA-RNA hybrids (1, 2). To better understand how genome integrity is maintained 45 throughout replication stress, it is critical to determine how replisomes associate with DNA in 46 active and stalled replication forks.
47
In budding yeast, DNA replication initiates at multiple sites, termed autonomously 
Methods
87
Yeast strains 88 Yeast strains used in this study were derived from W303 (leu2-3, 112 ura3-1 his3-11, trp1-1, 89 ade2-1 can1-100). Genotypes are listed in Supplemental Table 1 .
91
ChIP-ssSeq Procedure
92
ChIP-ssSeq experiments were performed as described previously (12). Briefly,  factor was used 
Results
138
Rationale for analyzing replication proteins using ChIP-ssSeq 139 ChIP-sequencing (ChIP-seq) has been widely used to study the association pattern of a protein of 140 interest with chromatin (21). Most ChIP-seq libraries are prepared using protocols that involve 141 ligation of dsDNA, which often leads to loss of ssDNA and strand-specific information (Fig. 1A) .
142
During DNA replication, dsDNA is unwound to generate ssDNA, which serves as the template 143 for DNA synthesis. In the process, replication proteins, including ssDNA-binding proteins RPA
144
and DNA polymerases, may partially interact with the ssDNA or DNA-RNA hybrids. In addition,
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148
We previously reported development of the enrichment and sequencing 149 protein−associated nascent DNA (eSPAN) method, which detects the association of a replication 150 protein with nascent leading/lagging strand DNA (Fig.1B, right panel) The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/170795 doi: bioRxiv preprint first posted online  performed with G1 cells and early S-phase cells. Rfa1 was barely detectable at the replication 167 origin (ARS607) or at a distal site (ARS607+8 kb, unreplicated region) at G1 (Supplemental Fig.   168 1A and 1B). In contrast, Rfa1 was enriched 10-fold at ARS607 compared with the distal site 169 (ARS607+8 kb) in the presence of HU (Supplemental Fig. 1B To analyze Rfa1 ChIP-ssSeq results quantitatively at a genome-wide scale, we first 179 calculated the average bias pattern, which is the average log 2 ratio of sequencing reads of Watson 180 strand over Crick strand using 200-bp sliding window surrounding 134 early replication origins.
181
The average bias pattern of Rfa1 ChIP-ssSeq peaks indicated that on the right side of origin,
182
RPA bound more to the Watson strand, whereas on the left side of origin, it bound more to the
183
Crick strand (Fig. 2B) . We categorized this finding as a positive (+) bias pattern to differentiate it 184 from the leading-strand bias pattern revealed by the eSPAN method, which detects the 185 association of a protein with newly synthesized DNA (12). As controls, the Rfa1 ChIP-ssSeq 186 using G1 cells did not show any bias (Fig. 2B) , suggesting that bias seen in early S phase reflects 187 how RPA associates with DNA replication forks in the presence of HU. We also analyzed the (Fig. 2D) . Second,
199
RPA may bind more nascent leading strands than the corresponding nascent lagging strands.
200
However, the later explanation contradicts the RPA eSPAN results outlined above (12) (Fig 2D) .
201
Based on our Rfa1 ChIP-ssSeq and Rfa1 eSPAN results, we suggest that more RPA binds 202 lagging strand template than leading strand template of HU-stalled forks (Fig. 2D) . The above
203
RPA ChIP experiment is under HU condition. We also performed the RPA ChIP-ssSeq under 204 normal condition. The results showed the same (+) bias pattern (Supplemental Fig. 1D-E MCM protein complex interacts with both Pol, which is enriched at leading strand, and Pol,
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248
Pol α ChIPed DNA consists of the lagging strand template and newly synthesized RNA-
249
DNA primer. The (+) bias pattern of Pol ChIP-ssSeq peaks indicates that more Pol  binds to 250 lagging strand template than to leading strand template of active and HU-stalled replication forks.
251
Supporting this idea, the published Pol  eSPAN peaks indicate that Pol physically binds more 252 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/170795 doi: bioRxiv preprint first posted online  to nascent lagging strands than to leading strands at active and HU-stalled replication forks (12) The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/170795 doi: bioRxiv preprint first posted online  In principle, Pol  binds both template and nascent DNA. Therefore, Pol  ChIP-ssSeq peaks 273 should show no bias at both active and HU-stalled forks. The eSPAN analysis of Pol  indicates 274 that Pol  binds preferentially nascent lagging strand of HU-stalled and active replication forks 275 (12) (Fig. 4B) . We therefore deduce from the (+) bias pattern of Pol ChIP-ssSeq peaks that Pol 276  associates with more lagging strand template of active forks, which most likely reflect that Pol 277  can associates with newly initiated Okazaki fragments with only very short nascent RNA of 278 active forks (Fig. 4D-E) . In contrast, this mode of association of Pol  is lost at HU-stalled forks, replicating DNA at HU-stalled replication forks (Supplemental Fig. 4A-B) . Like Pol , Pol
290
ChIP-ssSeq showed that Pol ε did not show significant bias at HU-stalled replication forks from 291 early replication origins (Fig. 5A-C ChIP-ssSeq showed (+) bias at actively replicating forks at all time points considered (72, 84, 294 and 96 minutes after release from G1) (Fig. 5B) . The bias pattern was detected at the majority of 295 individual origins (Fig. 5C ), suggesting that the Pol ε-DNA interaction at active forks differs 296 from that at stalled forks.
298
The above Pol ε ChIP-ssSeq analysis of HU-stalled and active replication forks were 299 obtained from independent experiments and Pol ε ChIP-ssSeq bias is small. Therefore, we (Fig. 5D) . Analysis of Pol  ChIP-ssSeq datasets showed no bias pattern for peaks 306 obtained using cells treated with HU, whereas peaks from cells after HU removal showed (+) 307 bias (Fig 5E-G) . We noticed that Pol ChIP-ssSeq at HU conditions shown in Fig. 5B and 5F 308 appears to show opposite trend. This is likely due to the fact that Pol ChIP-ssSeq peaks at most 309 origins showed indeterminable bias (no bias) and variations at a small number of origins 310 contributes to the apparent changes in the insignificant bias pattern (compare Fig. 5C and Fig.   311 5G). Nonetheless, we observed very consistent results of Pol ChIP-ssSeq at active forks from 312 each of the 3 time points of two independent experiments , supporting the idea that the 313 association of Pol  with DNA is altered when active forks become stall by HU treatment.
314
.
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Once again, two potential models explain the (+) bias pattern of Pol  ChIP-ssSeq peaks 315 (Fig. 5H) . Based on Pol eSPAN results (12) (Fig. 5B) , Pol binds preferentially to leading 316 strand. Therefore, it is possible that in addition to contact with leading strand DNA, Pol ɛ may 317 also directly contact the lagging strand template during normal replication. This mechanism is 318 unlikely because it is hard to put the Cdc45-MCM-GINS complex, which is known to associate 319 with Pol  on the leading strand (29), in front of Pol . Second, Pol ɛ may not contact the leading 320 strand template tightly, binding only to nascent DNA on the leading strand of active forks (Fig.   321 5H). We suggest that this mode of interaction with leading nascent DNA facilitates its ability to 322 proofread or repair mis-incorporated nucleotides by using its 3′-to-5′ exonuclease activity (34).
323
At stalled fork, Pol  may backtrack and associate with dsDNA including both template and 324 nascent strands (Fig. 5I) . 2017; backtracks and associtates dsDNA at HU-stalled forks. These results provide insight into how 336 DNA synthesis can resume soon after removal of HU-induced replication stress. The library preparation of traditional ChIP-Seq includes steps for dsDNA repair and dsDNA 341 ligation. During the sample preparation process, protein-bound ssDNA and strand-specific 342 information is lost (Fig. 1A) 
Association of Pol α with active and HU-stalled replication forks
396
The Pol α-primase complex synthesizes primers for subsequent DNA synthesis by Pol  and Pol 397 , likely at the lagging and leading strands of DNA replication forks, respectively. Previously, we 398 used the eSPAN method to show that Pol α-primase is enriched at the nascent lagging strand of 399 the DNA replication fork; this finding was consistent with the classical replication models that 400 .
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423
We show here that Pol  and Pol ɛ asymmetrically bind to DNA of active replication forks,
424
suggesting that these two polymerases also bind to ssDNA, but not solely to dsDNA at active 425 replication forks. In contrast, at HU-stalled forks, Pol  and Pol ɛ predominantly were bound to 426 dsDNA. We suggest that at HU-stalled forks, Pol ɛ may backtrack to contact dsDNA.
428
Previous study has shown that MCM localization can be displaced several hundred base pairs 429 from the origin by transcription regulation (46). While it is possible that transcriptional alteration 430 during HU block contributes to the lack of bias Pol  and Pol  ChIP-ssSeq peaks at HU-stalled 431 forks, it is unlikely for the following reasons, First, we show that the Pol ε ChIP-ssSeq peak bias 432 pattern reappears after we release cells from HU block to fresh media, suggesting that Pol ε bias 433 is associated with active replication forks. Second, it is known that HU has no apparent effect on 434 initiation of DNA replication at early replication origins based on studies from many laboratories.
435
Moreover, the observation that transcription can shift MCM localization was made in rat1 436 mutant cells in which transcription termination was reduced, whereas at HU-stalled forks, we did 437 not observe such dramatic alterations in MCM distribution (12).
439
We noticed the bias of Poland Pol ChIP-ssSeq peaks at active forks is small compared to that 440 of Rfa1 or Pol. The small bias is not likely an artifact of calculation because we analyzed ChIP-441 ssSeq data sets using two different methods. First, we used 200 bp sliding window to calculate 442 bias from either 10 or 30Kb surrounding each replication origins of HU-stalled and active forks,
443
. 2017; respectively. The trend of each data point of Poland Pol ChIP-ssSeq show that the bias, while 444 small, is not random. Second, we also analyzed whether there exist bias of Poland Pol ChIP-445 ssSeq peaks at individual replication forks (Fig. 4C, Fig. 5C and Fig. 5G) represents the RPA complex. * represents nucleotide analog BrdU, which is incorporated into 617 nascent DNA during DNA replication. Please note that the eSPAN peak bias reflects whether a 618 protein binds to nascent leading and lagging strand, whereas ChIP-ssSeq peak bias indicates that 619 whether a protein binds to ssDNA or dsDNA.
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